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ABSTRACT
Fast radio bursts (FRBs) are mysterious extragalactic radio signals. Revealing their
origin is one of the central foci in modern astronomy. Previous studies suggest that oc-
currence rates of non-repeating and repeating FRBs could be controlled by the cosmic
stellar-mass density (CSMD) and star formation-rate density (CSFRD), respectively.
The Square Kilometre Array (SKA) is one of the best future instruments to address
this subject due to its high sensitivity and high-angular resolution. Here, we predict
the number of FRBs to be detected with the SKA. In contrast to previous predictions,
we estimate the detections of non-repeating and repeating FRBs separately, based on
latest observational constraints on their physical properties including the spectral in-
dices, FRB luminosity functions, and their redshift evolutions. We consider two cases
of redshift evolution of FRB luminosity functions following either the CSMD or CS-
FRD. At z & 2, z & 6 and z & 10, non-repeating FRBs will be detected with the
SKA at a rate of ∼ 104, ∼ 102, and ∼ 10 (sky−1 day−1), respectively, if their luminosity
function follows the CSMD evolution. At z & 1, z & 2, and z & 4, sources of repeating
FRBs will be detected at a rate of ∼ 103, ∼ 102, and . 10 (sky−1 day−1), respectively,
assuming that the redshift evolution of their luminosity function is scaled with the
CSFRD. These numbers could change by about one order of magnitude depending on
the assumptions on the CSMD and CSFRD. In all cases, abundant FRBs will be de-
tected by the SKA, which will further constrain the luminosity functions and number
density evolutions.
Key words: radio continuum: transients – stars: magnetars – stars: magnetic field –
stars: neutron – (stars:) binaries: general – stars: luminosity function, mass function
1 INTRODUCTION
Fast radio bursts (FRBs; Lorimer et al. 2007) are myste-
rious radio signals mostly emitted by extragalactic sources.
Although more than 100 FRBs have been detected to date
(e.g., Petroff et al. 2016), their origin remains unknown.
Investigating the observed event rates of FRBs is one of
the keys to constrain their origin(s). Ravi (2019) demon-
strated lower limits on volumetric occurrence rates of nearby
? E-mail: tetsuya@phys.nthu.edu.tw
non-repeating FRBs with various assumptions on disper-
sion measures contributed from the host galaxies. In many
cases, the lower limits exceed the volumetric occurrence
rates of cataclysmic progenitor events. This suggests that
non-repeating FRBs could repeat during the lifetime of
their progenitors. The volumetric occurrence rates of FRBs
strongly depend on the luminosity or time-integrated lumi-
nosity (e.g., Macquart & Ekers 2018; Luo et al. 2018, 2020;
Hashimoto et al. 2020a,b), where the time-integrated lumi-
nosity is the luminosity integrated over the duration of the
FRB.
© 2020 The Authors
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Hashimoto et al. (2020a) presented empirically derived
‘time-integrated-luminosity’ functions (hereafter, luminos-
ity functions) of non-repeating and repeating FRBs, where
the luminosity function is defined as the volumetric oc-
currence rate per unit time-integrated luminosity. The lu-
minosity functions of non-repeating and repeating FRBs
are clearly distinct with much fainter time-integrated lu-
minosities of repeating FRBs. At the faint end of non-
repeating FRBs at 0.01 < z ≤ 0.7, their volumetric oc-
currence rate is consistent with that of soft gamma-ray re-
peaters (SGRs), type Ia supernovae, magnetars, and white-
dwarf mergers. A faint FRB-like burst from the Galactic
magnetar SGR 1935+2514 (Israel et al. 2016) has been
identified by the Canadian Hydrogen Intensity Mapping
Experiment (CHIME) FRB project (CHIME/FRB Col-
laboration et al. 2018) and the Survey for Transient As-
tronomical Radio Emission 2 (STARE2; Bochenek et al.
2020b) (The CHIME/FRB Collaboration et al. 2020; Boch-
enek et al. 2020a). This supports the hypothesis that at
least some FRBs do originate from SGRs/magnetars (The
CHIME/FRB Collaboration et al. 2020). The volumetric oc-
currence rate of faint repeating FRBs is comparable to that
of non-repeating FRBs, while their time-integrated luminosi-
ties are significantly different. The bright ends of luminosity
functions of non-repeating and repeating FRBs are lower
than any progenitor candidates. This suggests that bright
populations of non-repeating and repeating FRBs are pro-
duced from a very small fraction of the progenitors regard-
less of the repetition.
Another way to constrain the origin of FRBs is to in-
vestigate galaxy populations hosting FRBs. Five FRB host
galaxies have been identified to date. Three of them are host
galaxies of non-repeating FRBs: massive or moderately mas-
sive galaxies with stellar masses of logM∗ = 9.4 to 11.1 M
(FRB 180924, 181112, and 190523; Bannister et al. 2019;
Prochaska et al. 2019; Ravi et al. 2019). The remaining two
are host galaxies of repeating FRBs: a dwarf star-forming
galaxy for FRB 121102 (Chatterjee et al. 2017; Tendulkar
et al. 2017) and a massive star-forming spiral galaxy for FRB
180916.J0158+65 (Marcote et al. 2020). The repeating FRB
180916.J0158+65 was localised to a star-forming region in
the host galaxy (Marcote et al. 2020). These observational
results may imply that progenitors of non-repeating and re-
peating FRBs could originate in old and young populations,
respectively, being consistent with results from luminosity
functions (Hashimoto et al. 2020b). Recently four additional
host galaxies have been identified for ASKAP FRBs (FRB
190102, 190608, 190711, and 190611; Macquart et al. 2020).
These new host galaxies will be useful to further constrain
the stellar populations of FRB host galaxies.
Alternatively, transient searches at the positions of
FRBs and FRB searches at the known positions of tran-
sients can be used to directly constrain the progenitors.
Multi-wavelength and multi-messenger observations at the
locations of FRBs have been conducted (e.g., Callister
et al. 2016; MAGIC Collaboration et al. 2018; Sun et al.
2019; Martone et al. 2019; Tingay & Yang 2019; Aartsen
et al. 2020; Guidorzi et al. 2020; Pilia et al. 2020; Tavani
et al. 2020a; Chawla et al. 2020; Ridnaia et al. 2020; Li
et al. 2020; Tavani et al. 2020b). For instance, Chawla et al.
(2020) reported detections of repeating radio bursts from
FRB 180916.J0158+65 down to frequencies of 300 MHz, con-
straining the cutoff frequency and broadband spectral index
of the FRB. However, no clear detection of post-radio coun-
terparts has been reported in most of them. X-ray counter-
parts of the FRB-like burst from SGR 1935+2514 have been
detected recently (e.g., Ridnaia et al. 2020; Li et al. 2020;
Tavani et al. 2020b). The X-ray counterparts are temporally
coincident with the double-peaked radio bursts, confirming
that the X-ray and radio emission most likely have a com-
mon origin (Ridnaia et al. 2020). There have also been radio
observations in attempt to find FRBs at the locations of
possible progenitors, e.g., remnants of super-luminous su-
pernovae (Law et al. 2019) and gamma-ray bursts (GRBs;
Madison et al. 2019; Men et al. 2019). But these were met
without detection.
FRBs could be used to constrain the cosmological pa-
rameters (e.g., Zhou et al. 2014; Hashimoto et al. 2019) and
cosmic reionisation history of the intergalactic medium (e.g.,
Jaroszynski 2019; Linder 2020). For these purposes, the red-
shift measurements are needed. The localisation of FRBs,
i.e., determining positions of FRBs on the sky with an ac-
curacy of ∼ arcsecond, is necessary to measure the spectro-
scopic redshifts by identifying the host galaxies. Therefore,
the detection of numerous localised FRBs are crucial not
only to reveal the origin(s) of FRBs, but also to constrain
the cosmological parameters and the cosmic reionisation his-
tory.
The Square Kilometre Array (SKA) (Dewdney et al.
2009) is one of the best future instruments to address these
subjects. Fialkov & Loeb (2017) investigated expected num-
bers of FRBs to be detected with the SKA phase 2 assuming
different host-galaxy types, spectral indices, and luminosity
functions. FRBs at z & 6 will be detected in the 0.35-0.95
GHz band at a rate of 104 (sky−1 day−1) or higher (Fialkov &
Loeb 2017). However, their assumptions relied on a mixture
of poorly observed quantities at that time of repeating FRB
121102 and other non-repeating FRBs. Non-repeating and
repeating FRBs show different physical properties such as
duty factors (≡< S >2 /< S2 > where S is a flux density), ro-
tation measures (rotation of a polarisation angle due to mag-
netic fields in the intervening plasma), durations, luminosi-
ties, and luminosity functions (e.g., Katz 2019; Hashimoto
et al. 2020a), suggesting that they are likely to be physically
different. These two types of FRBs may trace different stellar
populations (Hashimoto et al. 2020b). Recent observational
progress have been made to investigate the host galaxies
(e.g., Tendulkar et al. 2017; Ravi et al. 2019; Prochaska
et al. 2019; Bannister et al. 2019; Marcote et al. 2020), spec-
tral indices (e.g., Chawla et al. 2017; Sokolowski et al. 2018;
Macquart et al. 2019), and luminosity functions (e.g., Luo
et al. 2018, 2020; Hashimoto et al. 2020a,b) of FRBs, which
allow us to treat non-repeating and repeating FRBs inde-
pendently and to make more proper assumptions compared
to previous studies. In this work, we predict the numbers of
non-repeating and repeating FRBs separately in the SKA
era with more reasonable assumptions based on the latest
FRB observations.
The structure of this paper is as follows. In Section 2,
we describe a phenomenological approach to calculate the
numbers of non-repeating and repeating FRBs to be de-
tected with the SKA. We derive the expected numbers of
FRBs with different assumptions in Section 3, followed by
discussions in Section 4 and conclusions in Section 5.
MNRAS 000, 1–11 (2020)
FRBs to be detected with the SKA 3
Throughout this paper, we assume the Planck15 cos-
mology (Planck Collaboration et al. 2016) as a fidu-
cial model, i.e., Λ cold dark matter cosmology with
(Ωm,ΩΛ,Ωb,h)=(0.307, 0.693, 0.0486, 0.677). We use the ter-
minology of ‘rest frame’ and a subscript of ‘rest’ for the rest
frame of the FRB source and/or host galaxy, unless other-
wise mentioned. All of the luminosity functions and numbers
of repeating FRBs presented in this paper are based on the
number of sources of repeating FRBs, i.e., repeating bursts
with an identical FRB ID indicate the same single source.
2 ANALYSIS
To estimate the expected number of FRBs to be detected
with the SKA, we use the luminosity functions of non-
repeating and repeating FRBs presented in Hashimoto et al.
(2020b). In Hashimoto et al. (2020b), the luminosity func-
tions were calculated for non-repeating FRBs detected with
Parkes and repeating FRBs detected with CHIME. The
best-fit linear functions to the luminosity functions (see
Hashimoto et al. 2020b, for details) are
logΦempNR (z = 0.16) ={(−0.35 ± 0.50)(log Lν − 31.0) + (4.3 ± 0.3) (no abs.)
(−0.35 ± 0.50)(log Labs,corν − 31.0) + (4.3 ± 0.3) (abs. cor.)
(1)
(2)
for non-repeating FRBs at 0.01 < z ≤ 0.35 with the median
redshift of z = 0.16, and
logΦempR (z = 0.17) ={(−1.4 ± 0.3)(log Lν − 29.5) + (2.7 ± 0.2) (no abs.)
(−1.1 ± 0.3)(log Labs,corν − 29.5) + (2.8 ± 0.2) (abs. cor.)
(3)
(4)
for repeating FRBs at 0.01 < z ≤ 0.3 with the median red-
shift of z = 0.17, in units of Gpc−3yr−1∆ log L−1ν . Here Lν is
the time-integrated luminosity at the rest-frame 1.83 GHz
(Hashimoto et al. 2019). The subscripts ‘NR’ and ‘R’ denote
non-repeating and repeating FRBs, respectively. The super-
script ‘emp’ expresses an empirically derived function. Two
luminosity functions with Labs,corν and Lν for each logΦemp
correspond to those with and without taking a free-free ab-
sorption effect by ionised circumburst medium (Rajwade &
Lorimer 2017) into consideration, respectively. The Labs,corν
is corrected for the free-free absorption. We find no dif-
ference between the luminosity functions of non-repeating
FRBs with and without the absorption within two signifi-
cant figures, because the absorption is less significant at the
source-frame frequencies of the Parkes FRBs. However, the
absorption affects repeating CHIME FRBs observed at lower
frequencies where the absorption is relatively stronger. Since
the free-free absorption changes the spectral shape, the K-
correction term of each FRB is different from that in the
non-absorption case (see APPENDIX A for details). There-
fore, the slope of the luminosity function of repeating FRBs
changes when the absorption effect is considered. The effect
of absorption on the number of FRB detections with the
SKA is shown in APPENDIX B.
Eqs. 1-4 are used as ‘fiducial’ luminosity functions in
this work. Hashimoto et al. (2020b) found that luminos-
ity functions of non-repeating FRBs follow the cosmic stel-
lar mass-density (CSMD) evolution, and those of repeating
FRBs follow the cosmic star formation rate-density (CS-
FRD) evolution if their slopes do not change with redshift.
We consider two cases of redshift evolution for each fidu-
cial luminosity function: the luminosity function is scaled
either with (i) the CSMD or (ii) the CSFRD. The former
is likely the case if FRBs originate only from old popula-
tions with ∼ Gyr time scale (Hashimoto et al. 2020b) such
as white dwarfs, neutron stars, and black holes (e.g., Li et al.
2018; Yamasaki et al. 2018; Liu et al. 2016). The latter is
favoured if FRBs are emitted from young stellar populations
or their remnants with . Myr time scale such as supernova
remnants, magnetars, and pulsars (e.g., Murase et al. 2016;
Metzger et al. 2019; Katz 2017). The FRB redshift evolution
is parameterised as
logΦempNR (z, log Lν) = logΦ
emp
NR (z = 0.16)+ log
[
f (z)
f (z = 0.16)
]
(5)
and
logΦempR (z, log Lν) = logΦ
emp
R (z = 0.17) + log
[
f (z)
f (z = 0.17)
]
,
(6)
where f (z) is the CSMD or CSFRD. For the CSMD, we use
the best-fit polynomial function of the eighth degree to the
observed CSMD (Lo´pez Ferna´ndez et al. 2018) as f (z). As
this fitting is for computational purpose, there is no physical
parameter behind the fitting process. The best-fit polyno-
mial function is as follows:
f (z) = 8.156 + 5.906 × 10−2z − 7.111 × 10−2z2 + 4.034 × 10−2z3
− 1.256 × 10−2z4 + 2.209 × 10−3z5 − 2.216 × 10−4z6
+ 1.179 × 10−5z7 − 2.585 × 10−7z8.
(7)
For the CSFRD, we use an analytic formula (Eq. 1 in Madau
& Fragos 2017). These functions are extrapolated up to z =
15. The assumed FRB luminosity functions are summarised
in Fig. 1.
A Vmax method (e.g., Schmidt 1968; Avni & Bahcall
1980) is utilised to calculate survey volumes of the SKA
at individual redshift bins. The Vmax is the maximum vol-
ume for a FRB to be detected, given its luminosity and red-
shift. Here, Lν absorbed by the ionised circumburst medium
is used for computing Vmax in cases where the free-free ab-
sorption is present. The redshift bins of non-repeating FRBs
range from z = 0 to 15 with an interval of ∆z = 0.75. The red-
shift bins of repeating FRBs range from z = 0 to 6 with an
interval of ∆z = 0.3, since the expected number of repeating
FRBs is almost negligible at z > 6 (see Section 3 for details).
The 4pi coverage of Vmax at each redshift bin (z1 < z ≤ z2),
Vmax,4pi , is expressed as
Vmax,4pi (z1, z2, log Lν) =

4pi
3
(d3max − d3min) (dmax > dmin)
0.0 (dmax ≤ dmin),
(8)
(9)
where dmin is the comoving distance to z1. dmax is the max-
imum comoving distance for a FRB with a time-integrated
luminosity, Lν , to be detected with a detection threshold of
the SKA, Elim. If dmax is larger than the comoving distance to
z2 (dz2), dz2 is utilised as dmax (see Hashimoto et al. 2020a,b,
for details). The adopted sensitivity of the SKA (phase 2) is
MNRAS 000, 1–11 (2020)
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1.0 mJy from 0.45-1.45 GHz for an integration time of 1 ms
(Torchinsky et al. 2016). We assume a 10σ detection thresh-
old with a duration dependency of w
1/2
obs , where wobs is the
observed duration of the FRB. Thus, the fluence detection
threshold is Elim = 10 × 1.0w1/2obs (mJy ms).
We calculate wobs using
wobs = {[wint,rest(1 + z)]2 + w2sample + w2DS + w2scatter}1/2, (10)
where wint,rest, wsample, wDS, and wscatter are the rest-frame
intrinsic duration, observational sampling time, dispersion
smearing, and pulse broadening by scattering in the ob-
server’s frame, respectively. The dispersion smearing is one
of the instrumental-broadening effects of FRBs due to
their internal time lag within a finite spectral resolution.
For non-repeating FRBs, we use an empirical relation be-
tween logwint,rest and log Lν , i.e., logwint,rest = 0.16(log Lν −
32.5) + 0.38 for the non-absorption case and logwint,rest =
0.16(log Labs,corν −32.5)+0.37 for the absorption-corrected case.
These relations are derived by applying the selection criteria
for reliable wint,rest and Lν measurements (Hashimoto et al.
2019) to a FRB catalogue in Hashimoto et al. (2020b). For
repeating FRBs, we assume logwint,rest = 0.41 which is the
median of rest-frame intrinsic durations of repeating FRBs
(Hashimoto et al. 2020a,b). These values of wint,rest are calcu-
lated for FRBs with no scattering feature (Hashimoto et al.
2019, 2020a,b). The sampling time of the SKA is assumed
to be wsample = 1.0 (ms) (Torchinsky et al. 2016). The dis-
persion smearing is calculated using
wDS = 8.3 × 10−3
(
DMobs
pc cm−3
) (
∆νobs
MHz
) ( νobs
GHz
)−3
ms, (11)
where DMobs, ∆νobs, and νobs are the observed dispersion
measure, channel bandwidth, and observational frequency,
respectively. According to Hashimoto et al. (2020a), DMobs
is calculated by integrating the dispersion-measure contri-
butions from the interstellar medium in the Milky Way
(Yao et al. 2017), dark matter halo hosting the Milky Way
(Prochaska & Zheng 2019), intergalactic medium (Zhou
et al. 2014), and the FRB host galaxy (Shannon et al. 2018).
We utilise Galactic coordinates of (`,b)=(45◦.0, −90◦.0) and
(0◦.0, −20◦.0) to calculate the interstellar-medium contribu-
tion in the Milky Way. Different assumptions on the Galactic
coordinates slightly change the number of detection through
the dispersion smearing with different DMobs. The differ-
ences in SKA’s FRB detection rates are less than 3% for
non-repeating FRBs and less than 20% for repeating FRBs
(see APPENDIX B for details). We consider two observa-
tional frequencies of 0.65 and 1.4 GHz which are central
frequencies of the 0.35-0.95 and 0.95-1.76 GHz bands (e.g.,
Fialkov & Loeb 2017) with ∆νobs = 10 (kHz) (Torchinsky
et al. 2016).
As for the scattering, we assume that the broadening
occurs in FRB host galaxies. Among 27 CHIME FRBs com-
piled by Hashimoto et al. (2020b), 18 FRBs (∼70%) show
scattering features while no measurable scattering feature
has been reported for the remaining 9 FRBs (∼ 30%). The
individual scattering times of 18 CHIME FRBs were col-
lected from literature (CHIME/FRB Collaboration et al.
2019a,b; Fonseca et al. 2020). We converted them to val-
ues at 1 GHz at the source frame, assuming wscatter ∝ ν−4rest
(Bhat et al. 2004) and DM-derived (or spectroscopic) red-
shift (Hashimoto et al. 2020a,b), where νrest = νobs(1 + z). In
this work, a median value of the converted values, 0.9 ms, is
utilised as the characteristic scattering time scale at 1 GHz
in the source frame. We introduce empirical weight factors
so that the fraction of FRBs with scattering features can be
taken into account in our analysis as follows.
wscatter =

0.9(1 + z)
ν4rest
=
0.9
(1 + z)3ν4obs
ms (weight = 0.7)
0 ms (weight = 0.3).
(12)
(13)
The total number of FRBs to be detected with the SKA will
be weighted by these factors in Section 3. We caution readers
that the adopted wscatter and weight factors could change
when future data with better temporal resolutions become
available. The effect of scattering on the FRB detections
with the SKA is shown in APPENDIX B.
The survey volume Vsurvey at z1 < z ≤ z2 with the SKA
is expressed as
Vsurvey(z1, z2, log Lν) = Vmax,4piΩskytobs/(1 + z), (14)
where Ωsky and tobs are the fractional sky coverage of the
SKA survey and exposure time on source, respectively (see
Hashimoto et al. 2019, 2020a, for details on Vmax,4pi). A field
of view (FoV) of 200 deg2 (Torchinsky et al. 2016) is utilised
for Ωsky.
The integration of Φemp(z, log Lν) × Vsurvey(z1, z2, log Lν)
over log Lν provides the number of FRBs, N, to be detected
with the SKA within each redshift bin:
N =
∫ log Lν,2
log Lν,1
Φemp(z, log Lν)Vsurvey(z1, z2, log Lν)d log Lν, (15)
where log Lν,1 and log Lν,2 are the lower and upper luminos-
ity bounds. FRBs fainter than the detection threshold cor-
respond to Vmax,4pi = 0.0 (Eq. 9) so that they are excluded in
Eq. 15. In this work, we assume two integration ranges for
each of the non-repeating and repeating FRBs.
One integration range is the integration over the already
known luminosity range of FRBs. In this case, we integrate
the luminosity functions of non-repeating and repeating
FRBs over log Lν = 30.0-33.0 and 28.0-32.0 (erg Hz−1), re-
spectively. Non-repeating and repeating FRBs have been de-
tected within these time-integrated luminosity ranges with
current radio telescopes (Hashimoto et al. 2020b). These in-
tegration ranges provide lower limits on N if time-integrated
luminosities of high redshift (z > 3) FRBs which the SKA
can detect are similar to that of the currently detected FRBs
at z ≤ 3. Another integration range is the extrapolated in-
tegration towards lower time-integrated luminosities. Since
the sensitivity of SKA will be much higher than that of cur-
rent radio telescopes (e.g., ∼ 2 order of magnitude higher
than Parkes and CHIME; Keane & Petroff 2015; Torchin-
sky et al. 2016; CHIME/FRB Collaboration et al. 2019a),
very faint populations of FRBs can be detected with the
SKA if they exist. We extrapolate the slopes of luminos-
ity functions towards very faint time-integrated luminosities
and integrate ΦempVsurvey down to the detection threshold
of the SKA. This integration is, in practice, performed by
integrating down to log Lν = 25.0 (erg Hz−1) which corre-
sponds to the detection threshold of the SKA at z = 0.01.
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The derived numbers of the FRBs will become upper limits
if the luminosity functions actually show turnovers or broken
power laws at the faint ends.
The number of FRBs to be detected with the SKA de-
pends on the characteristic spectral index of FRBs, α, i.e.,
Lν ∝ να. A flatter spectral slope (e.g., a slope with α = −0.3
is flatter than that with α = −1.5) will increase the num-
ber of high-z FRBs to be detected (e.g., Fialkov & Loeb
2017), because the observational frequency corresponds to
a higher frequency in the rest frame where the FRB is rel-
atively brighter. Macquart et al. (2019) reported a mean
value of α = −1.5 between 1.129 and 1.465 GHz for bright
FRBs detected with the Australian Square Kilometre Array
Pathfinder (ASKAP). Sokolowski et al. (2018) constrained
the broadband spectral index of bright ASKAP FRBs to
α ≥ −1.0 between 0.17-0.2 GHz with the Murchison Wide
field Array (MWA) and the ASKAP bands. The characteris-
tic broadband spectral index is also constrained to α > −0.3
for the Green Bank Telescope North Celestial Cap survey at
0.3-0.4 GHz and Parkes surveys at 1.4 GHz (Chawla et al.
2017). Based on these observational constraints, we consider
three cases of α in this work: −0.3, −1.0, and −1.5 for the
non-absorption case. These values correspond to the intrinsic
spectral indices of αint = −1.5,−2.4, and −2.0, respectively, in
the cases that the free-free absorption is taken into account
(see APPENDIX A for details).
The model configurations described in this section are
summarised in Table 1. In the following sections, we focus on
different assumptions on the observed frequency (νobs = 0.65
and 1.4 GHz), spectral index (α = −0.3,−1.0, and −1.5), inte-
gration range in Eq. 15 (log Lν = 30.0-33.0 and 28.0-32.0 erg
Hz−1 for non-repeating and repeating FRBs, respectively,
and 25.0-33.0 erg Hz−1 for both), and redshift evolution
of FRB luminosity functions (CSMD and CSFRD). This is
because the other assumptions on the free-free absorption,
Galactic coordinates, and scattering broadening do not af-
fect the predicted numbers of FRBs dramatically (see AP-
PENDIX B for details).
3 RESULTS
Figs. 2 and 3 show expected numbers of FRBs to be de-
tected with the SKA for non-repeating and repeating ones,
respectively. The numbers are divided by redshift bin sizes,
i.e., N/∆z where ∆z = z2 − z1 in Eq. 15. The vertical axes
are in units of FoV−1 yr−1 ∆z−1 (left) and sky−1 day−1 ∆z−1
(right). The different colours indicate the different spectral
indices, α. The top and bottom panels correspond to the
CSMD and CSFRD evolutions, respectively.
In Fig. 2, the detection numbers of non-repeating FRBs
assuming flatter spectral slopes with α = −1.0 and −0.3 (blue
and red) are slightly larger at z & 4 than that with α = −1.5
(black). This is because the observed frequency corresponds
to higher frequencies in the rest-frame of the FRB source
and/or host galaxy due to the redshift effect, where FRBs
are relatively brighter if the spectral slope is flatter. At z & 3,
there is almost no difference between the different assump-
tions on the integration ranges in the time-integrated lumi-
nosity (upper and lower lines of a shaded region for each
colour). The very faint FRB populations with log Lν . 30
(erg Hz−1) will not be detected with the SKA at z & 3.
Therefore, the integration ranges at log Lν . 30 (erg Hz−1)
should not matter at z & 3. Under our assumptions of neg-
ative spectral slopes, i.e. α = −0.3, −1.0, and −1.5, FRBs
are brighter at lower frequencies. Therefore, slightly more
FRBs will be detected at 0.65 GHz (left panels) than 1.4
GHz (right panels), if the SKA sensitivities and their FoVs
are almost the same between 0.65 and 1.4 GHz.
The number of non-repeating FRBs to be detected with
the SKA mostly depends on the redshift evolution of the lu-
minosity functions (top and bottom panels in Fig. 2). The
detection assuming the CSFRD evolution is about one order
of magnitude larger than that assuming the CSMD. This is
because the CSFRD increases by about an order of magni-
tude from z = 0 to ∼ 2-3 (e.g., Madau & Fragos 2017; Goto
et al. 2019), while the CSMD is almost constant from z = 0
to ∼ 2 and monotonically decreases at z & 2 (e.g., Lo´pez
Ferna´ndez et al. 2018). Peaks at z ∼ 2 in Figs. 2c and d re-
flect the peak of CSFRD. Hashimoto et al. (2020b) reported
that the volumetric occurrence rate of Parkes non-repeating
FRBs is nearly constant up to z ∼ 1.5. The nearly constant
event rate of non-repeating FRBs shows a better agreement
with the CSMD than CSFRD (Hashimoto et al. 2020b). If
the FRB event rate is regulated by stellar mass, the prob-
ability of finding non-repeating FRBs should be larger in
galaxies with stellar masses of logM∗ = 10-11 (M), because
such galaxies mostly contribute to the CSMD up to z ∼ 2
(e.g., Davidzon et al. 2017). Three host galaxies of non-
repeating FRBs have been identified to date: FRB 180924
(Bannister et al. 2019), 181112 (Prochaska et al. 2019), and
190523 (Ravi et al. 2019). Two of them are massive galaxies
with logM∗ > 10(M) and the other is a moderately massive
galaxy with logM∗ ∼ 9.4 (M), supporting the scenario that
non-repeating FRBs trace the CSMD. If this is the case, then
the SKA per year will detect ∼ 104 non-repeating FRBs at
z ∼ 2, ∼ 102 at z ∼ 6, and ∼ 10 at z ∼ 10 (Fig. 2a and b). We
note that recently four additional host galaxies have been
identified for ASKAP FRBs (FRB 190102, 190608, 190711,
and 190611; Macquart et al. 2020). These new host galaxies
will further constrain the stellar populations of FRB host
galaxies.
Fig. 3 is the same as Fig. 2 except for sources of repeat-
ing FRBs. Since repeating FRBs are much fainter than non-
repeating ones in general (e.g., Katz 2019; Luo et al. 2020;
Hashimoto et al. 2020a,b), the SKA will detect repeating
FRBs only up to z ∼ 3-5, depending on the different assump-
tions on the redshift evolution of luminosity functions. In
contrast to non-repeating FRBs, repeating FRBs are domi-
nated by faint ones with log Lν < 30 (erg Hz−1), because the
luminosity function of repeating FRBs is steeper than that
of non-repeating FRBs (Fig. 1 and Hashimoto et al. 2020a).
The detections of such faint repeating FRBs will decline by
about two orders of magnitude from z = 0 to ∼2. On the
other hand, a relatively larger fraction of bright sources in
non-repeating FRBs raises the bottom of detection number.
Therefore, the detections of repeating FRBs decline towards
higher redshifts more rapidly than non-repeating FRBs. If
repeating FRBs follow the CSFRD evolution, the rapid de-
crease of detection is mitigated (Figs. 3c and d) due to the
increasing evolution of their luminosity function from z = 0
to ∼ 2. In Figs. 3c and d, there is no clear peak at z ∼ 2 corre-
sponding to the peak of CSFRD, since the detectable repeat-
ing FRBs decrease more rapidly (about two order of magni-
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Figure 1. Time-integrated-luminosity functions of FRBs with different redshift evolutions. (a) The time-integrated-luminosity functions
of non-repeating FRBs. The function at z = 0.16 is scaled with the cosmic stellar mass-density (CSMD) evolution (Lo´pez Ferna´ndez
et al. 2018). Coloured solid lines indicate the functions at different redshifts without the free-free absorption by the ionised circumburst
medium. The blue dashed line is the function at z = 0.0, taking the free-free absorption into account by assuming the model presented in
Rajwade & Lorimer (2017). This time-integrated-luminosity function is corrected for the absorption. The free-free absorption affects the
function of repeating FRBs more significantly than that of non-repeating FRBs, because the absorption is stronger at lower frequencies
where CHIME repeating FRBs are detected. The horizontal solid and dashed arrows are integration ranges in Eq. 15 to estimate numbers
of FRBs to be detected with the SKA. The solid arrow covers the observational data distribution of non-repeating FRBs detected with
Parkes (Hashimoto et al. 2020a,b). The dashed arrow corresponds to an extrapolated range where the SKA can reach (e.g., Torchinsky
et al. 2016). Note that the lower bound of the dashed line is log Lν = 25.0 erg Hz−1. (b) Same as (a) except for assuming the cosmic star
formation rate-density (CSFRD) evolution (Madau & Fragos 2017). Due to this assumption, the luminosity functions increase from z = 0
to ∼ 2 and decrease towards higher redshifts. (c) Same as (a) except for repeating FRBs. The solid arrow covers the observational data
distribution of repeating FRBs detected with CHIME (Hashimoto et al. 2020a,b). The number of repeating FRBs are counted such that
the identical FRB ID indicates the same source. (d) Same as (b) except for repeating FRBs.
tude decrease) than the increase of the luminosity function
(about one order of magnitude increase) towards z ∼ 2.
Hashimoto et al. (2020b) demonstrated that the volu-
metric occurrence rate of CHIME repeating FRBs increases
towards higher redshifts, if the slope of luminosity func-
tion of repeating FRBs does not evolve from z = 0.01 to
1.5. The increasing trend towards higher redshifts indicates
that repeating FRBs might be associated with activities of
star formation or active galactic nuclei (AGN). There are
two host identifications of repeating FRBs so far. Repeating
FRBs 121102 and 180916.J0158+65 are hosted by a dwarf
star-forming galaxy (Chatterjee et al. 2017; Tendulkar et al.
2017) and a massive star-forming spiral galaxy (Marcote
et al. 2020), respectively. FRB 180916.J0158+65 is localised
at a star-forming region in the host galaxy (Marcote et al.
2020). While the sample is still small, these observational re-
sults indicate that the event rate of repeating FRBs may be
associated with star-forming activities. Therefore, the red-
shift evolution of the CSFRD could be favoured for repeat-
ing FRBs. In this case, the SKA per year will detect ∼ 103
sources of repeating FRBs at z ∼ 1, ∼ 102 at z ∼ 2, and
∼ 10 at z ∼ 3 (Fig. 3a and b). In this work, we count sources
of repeating FRBs such that the identical FRB IDs are the
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Table 1. Summary of model configurations for FRBs to be detected with the SKA.
Non-repeater Repeater
Fiducial luminosity function (logΦemp) −0.35(log Lν − 31.0) + 4.3a −1.4(log Lν − 29.5) + 2.7a
(Gpc−3 yr−1 ∆ log L−1ν ) −0.35(log Labs,corν − 31.0) + 4.3b −1.1(log Labs,corν − 29.5) + 2.8b
Redshift range 0-15 0-6
Redshift bin (∆z) 0.75 0.3
Integrated range of ΦempVsurvey (erg Hz−1) log Lν = 30.0-33.0, 25.0-33.0 28.0-32.0, 25.0-33.0
Rest-frame intrinsic duration (logwint,rest) (ms) 0.16(log Lν − 32.5) + 0.38a , 0.16(log Labs,corν − 32.5) + 0.37b 0.41
Common assumptions on FRBs
Galactic coordinates (`,b) (deg) (45◦.0, −90◦.0), (0◦.0, −20◦.0)
Redshift evolution of LF ( f (z)) Cosmic stellar-massc , star formation-rate densitiesd (CSMD, CSFRD)
Spectral index (α) (−0.3, −1.0, −1.5)a , αint = (−1.5, −2.4, −2.0)e if absorption is considered
Scattering pulse broadening (wscatter) (ms) 0.9(1 + z)−3ν−4obs (weight=0.7 for N), 0 (weight=0.3 for N)
Common instrumental assumptions on the SKA
10 σ detection threshold (Elim) (mJy ms) 10.0w
1/2
obs
Observational frequency (νobs) (GHz) 0.65, 1.4
Field of view (FoV) (deg2) 200
Intra-channel width (∆νobs) (kHz) 10
Sampling time (wsample) (ms) 1.0
a Without the free-free absorption by ionised circumburst medium. b Corrected for the free-free absorption assuming the model in
Rajwade & Lorimer (2017). The correction factor is Labs,corν ∝ exp(0.082T−1.35e EMν−2.1), where Te = 8000 K and EM= 1.5 × 106 cm−6. c
The best-fit polynomial function of the eighth degree to observed data in Lo´pez Ferna´ndez et al. (2018) is utilised. d The analytic
formula in Madau & Fragos (2017) is utilised. e See APPENDIX A for details.
same source. Therefore, the number of individual bursts to
be detected should be larger than these predicted values.
4 DISCUSSION
Fialkov & Loeb (2017) demonstrated cumulative numbers
of FRBs in the SKA era, assuming (i) spectral shapes of
Gaussian-like spectral profiles and a flat spectrum (α = 0.0),
(ii) massive and low-mass host galaxies, and (iii) an iden-
tical intrinsic luminosity and a Schechter-form luminosity
function. For a comparison to Fialkov & Loeb (2017), we
integrated N/∆z from z to zlim in order to derive the cumu-
lative number of FRBs to be detected at redshifts higher
than z, i.e.,
N(≥ z) =
∫ zlim
z
(N/∆z)dz, (16)
where zlim = 15.0 and 6.0 for non-repeating and repeat-
ing FRBs, respectively. The cumulative numbers of FRBs
are shown in Fig. 4. The top and bottom panels assume
νobs = 0.65 and 1.4 GHz, respectively. The shaded regions
of non-repeating (blue) and repeating (red) FRBs corre-
spond to ranges of predicted FRB numbers under the as-
sumptions summarised in Table 1. The solid and dashed
lines assume the redshift evolutions scaled with the CSMD
and CSFRD, respectively, with α = −0.3 and integration
over log Lν = 25.0-33.0 (erg Hz−1). A direct comparison be-
tween Fialkov & Loeb (2017) and this work is not straight-
forward due to the different assumptions made. Fialkov &
Loeb (2017) used repeating FRB 121102 as a prototype
to assume spectral shapes and luminosities of FRBs. How-
ever, they assumed a number density of FRBs that includes
non-repeating FRBs (Law et al. 2017; Nicholl et al. 2017)
for their predictions. The number density of non-repeating
FRBs is much higher than that of repeating FRBs at higher
luminosities (Hashimoto et al. 2020a), e.g., the luminosity
functions of non-repeating FRBs are ∼4 orders of magni-
tude larger than that of repeating FRBs at log Lν = 32.0
at the same redshift in Fig. 1. Therefore, the mixture of
physical quantities of non-repeating and repeating FRBs in
Fialkov & Loeb (2017) could introduce a large uncertainty
compared to our approach of treating non-repeating and re-
peating FRBs independently.
A model from Fialkov & Loeb (2017) with the flat spec-
trum, low-mass host galaxy, and Schechter luminosity func-
tion scaled with the luminosity of repeating FRB 121102
may be similar to one of our assumptions on repeating FRBs
with α = −0.3 and the CSFRD evolution. This is because
the CSFRD is mostly contributed by low-mass galaxies es-
pecially at higher redshifts (e.g., Chiosi et al. 2017). In the
model, Fialkov & Loeb (2017) predicted ∼ 105 FRBs (sky−1
day−1) at z ≥ 4 for νobs = 0.65 GHz. In contrast, we predict
only . 10 sources of repeating FRBs (sky−1 day−1) at the
same redshift (red dashed line in Fig. 4a). This discrepancy
could be due to the difference in the assumed FRB number
densities as mentioned above.
Based on the latest observational constraints on physi-
cal properties of FRBs, we predict that non-repeating FRBs
at z & 2, z & 6, and z & 10 will be detected with the SKA
at 0.65 GHz at a rate of ∼ 104, ∼ 102, and ∼ 10 (sky−1
day−1), respectively, assuming that the luminosity function
follows the CSMD (blue solid line in Fig. 4a). These detec-
tion numbers could be about one order of magnitude larger
if the CSFRD is assumed instead as the redshift evolution of
luminosity functions (blue dashed line in Fig. 4a). Sources
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of repeating FRBs at z & 1, z & 2, and z & 4 will be de-
tected at a rate of ∼ 103, ∼ 102, and . 10 (sky−1 day−1),
respectively, assuming the redshift evolution of CSFRD (red
dashed line in Fig. 4a). These expected source numbers of
repeating FRBs decrease by about one order of magnitude at
z & 1 if the luminosity function follows the CSMD (red solid
line in Fig. 4a). In all cases, abundant FRBs will be detected
by the SKA per year. Compared to the current FRB sample
(∼100 non-repeating and ∼20 repeating FRBs, e.g., Petroff
et al. 2016; CHIME/FRB Collaboration et al. 2019b; Ku-
mar et al. 2019; Fonseca et al. 2020), the SKA will increase
the sample size by at least 2-3 orders of magnitude. Statisti-
cal measurements of FRBs such as the luminosity functions
and their redshift evolution will become > 10 times more
accurate in terms of Poisson uncertainties.
5 CONCLUSIONS
The recent observational constraints on the physical prop-
erties of FRBs allow us to estimate the number of FRBs to
be detected with the SKA. In contrast to previous studies,
we treat non-repeating and repeating FRBs separately, con-
sidering that they could originate from different progenitors
and could trace different stellar populations. Under these
assumptions, we find that the detection numbers strongly
depend on the assumed redshift evolution of FRB luminos-
ity functions. Non-repeating FRBs at z & 2, z & 6, and
z & 10 will be detected with the SKA at 0.65 GHz at a
rate of ∼ 104, ∼ 102, and ∼ 10 (sky−1 day−1), respectively,
if the luminosity function follows the redshift evolution of
the cosmic stellar-mass density (blue solid line in Fig. 4a).
The numbers could be about one order of magnitude larger
if the luminosity function follows the cosmic star formation-
rate density. Sources of repeating FRBs at z & 1, z & 2, and
z & 4 will be detected at a rate of ∼ 103, ∼ 102, and . 10
(sky−1 day−1), respectively, assuming that the redshift evo-
lution of luminosity function is scaled with the cosmic star
formation-rate density (red dashed line in Fig. 4a). These ex-
pected source numbers of repeating FRBs decrease by about
one order of magnitude at z & 1 if the luminosity function
follows the cosmic stellar mass-density. In all cases, abun-
dant FRBs will be detected by the SKA per year, i.e., at
least 2-3 orders of magnitude larger than the current sample
size. Therefore, the SKA will be able to strongly constrain
the redshift evolution of the FRB luminosity functions and
their associated stellar populations, shedding light on to the
possible origins of non-repeating and repeating FRBs.
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APPENDIX A: FREE-FREE ABSORPTION BY
THE CIRCUMBURST MEDIUM
In this work, we assume an absorption model of hot ionised
circumburst medium with Te = 8000 K and EM= 1.5 × 106
cm−6 surrounding a FRB progenitor (Rajwade & Lorimer
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Figure 3. Same as Fig. 2 but in the case of sources of repeating FRBs.
2017), where Te and EM are the electron temperature and
emission measure (square of the electron density integrated
along the line of sight) of the absorber, respectively. This
model is adopted as a conservative assumption as it has a
stronger free-free absorption (Rajwade & Lorimer 2017). We
take this effect into account when computing the empirical
luminosity functions, as well as the SKA source number pre-
dictions in a consistent manner.
The absorbed time-integrated luminosity of each ob-
served FRB, Labsν , is expressed as
Labsν =
4pidl(z)2
(1 + z)2
[
L(ν)
L(νrest)
]
Eνobs, (A1)
where L(ν) ∝ ναint exp(−0.082T−1.35e EMν−2.1). dl(z) and Eνobs
are the luminosity distance and observed fluence, respec-
tively. αint is the intrinsic spectral index before the radio
emission is absorbed. The term, L(ν)/L(νrest), is the ratio
between the fluences at ν and νrest(= νobs(1 + z)) GHz at the
source frame. We adopt ν = 1.83 GHz following Hashimoto
et al. (2019, 2020a,b). Under our assumption, the observed
spectral index suffers from the free-free absorption. The in-
trinsic spectral index before absorption is expressed as
αint = αobs − {2.1 × 0.082T−1.35e EM[νobs(1 + z)]−2.1}, (A2)
where αobs is the observed spectral index. Based on Eq. A2,
αint is derived for each FRB if the individual αobs mea-
surement is available. Otherwise, we utilise αobs = −1.5,
which is derived from a stacked spectrum of 23 bright
ASKAP FRBs (Macquart et al. 2019). The median red-
shift of 23 ASKAP FRBs is 0.33 (Hashimoto et al. 2020a,b)
with νobs = 1.297 GHz. The corresponding intrinsic spec-
tral slope is αint = −2.0. The absorption-corrected time-
integrated luminosity, Labs,corν , is calculated as L
abs,cor
ν =
Labsν exp(0.082T−1.35e EMν−2.1). Using Labs,corν , we derived the
empirical luminosity functions (Eqs. 2 and 4) in the same
manner as Hashimoto et al. (2020a,b).
The spectral indices in the SKA predictions, α =
−0.3,−1.0, and −1.5 (non-absorption case), correspond to
αint = −1.5,−2.4, and −2.0, respectively (absorption case).
Each value is calculated from Eq. A2, νobs (central frequency
between two surveys if it is a broad-band constraint), and
median redshift of FRBs in the survey(s) (Chawla et al.
2017; Sokolowski et al. 2018; Macquart et al. 2019). While
the broad-band spectral index of α = −1.0 (Sokolowski et al.
2018) is flatter than the ASKAP measurement of α = −1.5
(Macquart et al. 2019), the corresponding intrinsic slope
(αint = −2.4) is steeper than that of ASKAP measurement
(αint = −2.0). This is because the absorption is stronger at
lower frequencies, i.e., νobs = 0.74 GHz for the MWA-ASKAP
joint constraint and 1.297 GHz for the ASKAP measure-
ment.
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Figure 4. Cumulative number of FRBs (Eq. 16) to be detected
with the SKA integrated from a redshift, z, to zlim in units of
FoV−1 yr−1 (left vertical axis) and sky−1 day−1 (right vertical
axis). We adopt zlim = 15.0 for non-repeating FRBs and 6.0 for re-
peating FRBs. The top and bottom panels correspond to the SKA
observational frequencies of νobs = 0.65 and 1.4 GHz, respectively.
The blue and red colours indicate non-repeating and sources of
repeating FRBs, respectively. The shaded regions show ranges of
predicted numbers under the assumptions summarised in Table 1.
The solid and dashed lines assume the redshift evolutions scaled
with the cosmic stellar-mass density (CSMD) and star formation-
rate density (CSFRD), respectively, with common assumptions: a
spectral index of α = −0.3, integration over log Lν = 25.0-33.0 (erg
Hz−1) in Eq. 15, no free-free absorption, with scattering broaden-
ing, and (`, b) = (45◦.0, −90◦.0).
APPENDIX B: EFFECTS OF SCATTERING,
GALACTIC COORDINATES, AND FREE-FREE
ABSORPTION
In Fig. B1, we demonstrate how free-free absorption, chang-
ing the Galactic coordinates, and scattering broadening, af-
fect the predicted numbers of FRB sources to be detected
with the SKA. In the left panel, the non-absorption cases
with α = −1.5 are compared with the absorption cases with
αint = −2.0, following the characteristic spectral index of
ASKAP FRBs (Macquart et al. 2019). This is because the
spectral index measured for ASKAP FRBs (Macquart et al.
2019) corresponds to either α = −1.5 without absorption or
αint = −2.0 with absorption. While the absorption changes
Lν , spectral shape, and luminosity functions of repeating
FRBs, the differences in FRB detections are moderate com-
pared to the different assumptions on the redshift evolution
as shown in Figs. 2-3. In the middle panel, changing the
Galactic coordinates slightly changes the FRB detections.
This is because DMobs is higher at lower Galactic latitudes,
leading to the broadening of the FRB pulse via dispersion
smearing and thus decreasing its signal-to-noise ratio. The
differences in FRB detection rates are less than 3% for non-
repeating FRBs and less than 20% for repeating FRBs at
0.65 GHz. This effect is small because the intra-channel
width of SKA is designed to be small enough (∆νobs = 10
kHz; Torchinsky et al. 2016). In the right panel, the scat-
tering broadening slightly changes the FRB detections. The
effect of scattering is even smaller at higher redshifts, since
the observed frequency shifts to higher frequencies at the
source frame whose scattering is smaller due to its ν−4rest de-
pendency (Bhat et al. 2004). We caution that the assump-
tions on scattering broadening in this work could change
when more data becomes available in the future. Sources
of repeating FRBs are relatively more affected by the dif-
ferent assumptions on Galactic coordinates and scattering
than non-repeating FRBs. This is because repeating FRBs
are largely dominated by fainter populations, compared to
non-repeating FRBs. Such faint FRBs are more easily af-
fected by the effects of dispersion smearing and scattering
broadening.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–11 (2020)
12 T. Hashimoto et al.
Figure B1. Differences between the predicted numbers of FRBs to be detected with the SKA with different assumptions. (Left)
The dashed and solid lines represent predicted FRB detections with and without considering the free-free absorption, respectively. The
spectral index is α = −1.5 for the non-absorption cases and the intrinsic spectral index is αint = −2.0 for the absorption-included cases. The
blue and red colours correspond to non-repeating FRBs and sources of repeating FRBs, respectively. We assume (`, b) = (45◦.0, −90◦.0),
νobs = 0.65 GHz, integration over log Lν = 25.0-33.0 (erg Hz−1) in Eq. 15, with scattering broadening, and the cosmic stellar mass-density
(CSMD) evolution. (Middle) Same as left, except for the different assumptions on the Galactic coordinates. No absorption and α = −1.5
are assumed. The inner box is the magnified knee of the non-repeating FRBs at z ∼ 0.7. (Right) Same as middle, except with and without
scattering broadening. Both the dashed lines are calculated using weight factors of 0.7 and 0.3, as described in Section 2.
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